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Abstract 

^ ■ The thermopower and thermal conductivity of superconducting perovskite 

MgCNi% (T c ~ 8 K) have been studied. The thermopower is negative from 
room temperature to 10 K. Combining with the negative Hall coefficient re- 
ported previously, the negative thermopower definetly indicates that the car- 
rier in MgCNis is electron-type. The nonlinear temperature dependence of 
thermopower below 150 K is explained by the electron-phonon interaction 
renormalization effects. The thermal conductivity is of the order for inter- 
ns) \ metallics, larger than that of borocarbides and smaller than MgF>2- In the 
normal state, the electronic contribution to the total thermal conductivity 
is slightly larger than the lattice contribution. The transverse magnetoresis- 



tance of MgCNi% is also measured. It is found that the classical Kohler's rule 
is valid above 50 K. An electronic crossover occures at T* ~ 50iC resulting 



in the abnormal behavior of resistivity, thermopower, and magnetoresistance 
below 50 K. 

PACS numbers: 74.70.Ad, 74.25.Fy 



T3. 

INTRODUCTION 

Recently the discovery of two new intermetallic superconductors MgB-P and MgCNi^a 
has attracted great attention. MgB 2 has relatively high superconducting transition temper- 
ature (T c = 39 K) and the highly promising potential application. High frequency phonons 
induced by the light element, B, are believed to be essential in yielding the high T c . Despite 
its low T c (about 8 K), MgCNi^ is of interest because it is the first compound having the 
perovskite structure without any oxygen, also bacause of the high proportion of Ni in it. 

MgCNi 3 forms a three-dimentional perovskite structure. Comparison to a familiar oxide 
perovskite such as CaTiO^, for example, indicates the structural equivalencies between Ca 
and Mg, Ti and C, and O and Ni. Instead of Ti atom, C atom is located in the body- 
centered position surrounded by a iVig-octahedra cage. Such a large amount of nickel in 
MgCNi^ make it an analog of the three-dimentional layered nickel borocarbides, typified by 



LuNi 2 B 2 C with a T c near 16 K.tH One might expect nickel to give rise to possible magnetism 
in this compound, but no long range magnetic ordering transition was observed from 2 K 
to 295 K by neutron-diffraction measurements.!!! Band calculations indicate predominantly 
Ni 3d character at the Fermi level of MgCNi 3 ft$ similar to LuNi 2 B 2 cM and YNi 2 B 2 CB 
Ni-derived 3d electrons are considered to be superconducting electrons in MgCNi^, so the 
possibility of the existence of a localized moment on Ni atoms is not reasonable since it would 
lead to strong pair breaking if superconductivity is due to s-wave pairing. He et alB has 
determined the electron-phonon coupling constant X p h ~ 0.77 by specific heat measurement, 
which is in the range of conventional phonon. Tunneling measurements by Mao et a/.liil 
detected a zero bias conductance peak below T c suggesting an uncoventional character of 
the superconducting pairing state. However, the recent 13 C NMR datallHl below T c are 
consistent with isotropic s-wave superconductivity. 

There are some doping investigations on MgCNi 3 ,iM^ but only few transport properties 
have been reported. Our previous Hall effect measurement!^ indicates that the carrier in 
MgCNi 3 is electron-type. The value of Rh at 100 K agrees well with that calculated by 
Singh et aW However, their calculated thermopower is p-type except for that at very low 
T. They found that S is very small (less than 1 /iV/K) below 150 K, then rises more 
rapidly reaching 5 /iV/K at 300 K. They contributed this unusual T-dependence of S to the 
competition between the hole and electron pockets of comparable size in the Fermi surface. 

Thermal conductivity k is one of those transport coefficients which exhibits non-zero 
values in both the normal and the superconducting state. The temperature dependence of 
k allows one to distinguish between the most important interactions in a superconductor. 
In particular, the interaction of electrons with phonons is recorded in the magnitude of 
k(T). Moreover, scattering of these particles by static imperfections like impurities, defects 
or grain boundaries is reflected. 

In this paper, we report the first measurement of thermopower and thermal conductivity 
for superconducting perovskite MgCNi^. The thermopower is negative from room temper- 
ature to 10 K. Combining with our previous Hall effect measurement, it definetly indicates 
that the carrier in MgCNi 3 is electron-type. The origin of the nonlinear temperature de- 
pendence of S(T) below 150 K is discussed. The thermal conductivity is of the order for 
intermetallics, larger than that of borocarbides and smaller than MgB 2 . In the normal 
state, the electronic contribution to the total thermal conductivity is slightly larger than 
the lattice contribution. The transverse magnetoresistance of MgCNi% is also measured. It 
is found that the classical Kohler's rule is violated below 50 K. The abnormal behavior of 
resistivity, thermopower, and magnetoresistance below 50 K is attributed to an electronic 
crossover occuring at T* ~ 50i^. 



EXPERIMENT 

Polycrystalline specimen of MgCNi 3 used for present measurements is the same one 
reported previously.!^ Detailed preparation has been reported in Ref. 15. The thermopower 
was measured by a dc method in the temperature range 10 and 300 K. The temperature 
gradient (AT) in the sample was measured using the two pairs of Rh-Fe thermocouples. The 
sample was mounted on the top of two well separated copper blocks with silver paint. During 
the measurement, the temperature gradient AT of two separated copper blocks was kept at 



1 K. To eliminate the effects of the reference leads, the absolute thermopower of copper was 
subtracted from the measured thermoelectric voltage. The thermopower result displayed in 
this paper is the averaged value over five data measured at the same temperature. 

The method of longitudinal steady-state thermal flow was used in measuring the thermal 
conductivity of the sample from 7 to 300 K. There is a resistive heater at one end of the 
sample, while the other end makes good heat exchange with a heat source whose temperature 
can be set freely. A Rh-Fe thermometer is used on the heat source, and the temperature 
gradient of the sample is measured by a NiCr- Const ant an thermocouple. We use PID 
arithmetic to control the temperature by computer. The temperature stability is better 
than ±2 mK, which is available to the precise requisition of thermal measurement. 

Magnetoresistance was measured by a standard four-probe method. The magnetic field 
was applied by superconducting magnet system (Oxford Instruments) and the temperature 
was measured by a Cerox thermometer. 

RESULTS AND DISCUSSION 

Fig. 1 shows the X-ray diffraction (XRD) pattern and temperature dependence of resis- 
tivity under zero magnetic field for the MgCNi 3 sample. XRD pattern indicates that the 
sample is nearly single phase. Rietveld refinementlMil has been performed based on the space 
group Pm-3m. It gave the cubic cell parameter a = 3.81111 A and actual C occupancy about 
0.97, being consistent with previous reportB The resistive superconducting transition is very 
sharp with the midpoint of the resistive transition T c = 8.0 K. The temperature dependence 
of resistivity, p(T), is almost identical to that reported by He et alB A similar p(T) behavior 
has been observed in (Ba, K)BiO^ thin filmE-3 and single crystal.lia Above 70 K, the nor- 
mal state p{T) behavior follows Bloch-Griineisen theory consistently with electron-phonon 
scattering and the fitting curve is shown as solid line in Fig. lJl3 

A. Thermopower 

The absolute thermopower S(T) of MgCNi^ from room temperature (RT) to 10 K is 
shown in Fig. 2. The upper inset of Fig. 2 shows the temperature dependence of Hall 
coefficient reported by us.Ej S(T) is negative for the whole temperature range, which is in 
contrast to that predicted by Singh et al.u The negative thermopower, combining with the 
negative Hall coefficient as seen in the upper inset of Fig. 2, definetly indicates that the 
charge carrier in this compound is electron-type. Room-temperature thermopower S(RT) 
and [dS/dT]pr are -9.2 /iV/K and -13.1 nV/K 2 , respectively. The magnitude of S(RT) is 
somewhat larger than the typical value associated with free electron/conventional metals, 
i.e., -1.28 uV/K for lead and 1.94 /xV/K for gold, but it is approximately the same as for 
palladium!! [S(RT) = -10 //V/K] and Y(Lu)Ni 2 B 2 C single crystalsB 

The thermopower of conventional nonmagnetic metals consists of two contributions, a 
diffusion contribution and a phonon-drag contribution resulting from the transfer of phonon 
momentum to the electron gas. The diffusion contribution is proportional to temperature, 
while the phonon-drag contribution falls at low temperature as the phonons freeze out, and 
at high temperatures as the excess phonon momentrum gets limited by phonon-phonon 



scattering. This usually results in a phonon-drag peak in conventional metals with T 3 
dependence below O.IGd and falls as T _1 above ~O.30£). From Fig. 2, no obvious phonon- 
drag peak is present from RT down to 10 K in MgCNi 3 . 

The thermopower of MgCNi 3 is approximately linear in T near room temperature within 
the measurement accuracy. The extrapolation of the S(T) data, assuming a linear T de- 
pendence of S, does not pass through S = at T = and gives large intercept. The 
data in the temperature region between 150 K and RT was fitted to a straight line, i.e., 
S(T) = a + bT, with a = -5.2 /zV/K and b = -13.1 nV/K 2 . The intercept value is slightly 
larger than that reported for single crystals of YNi 2 B 2 C (-4.6 /iV/K) and LuNi 2 B 2 C (- 
4.3 yuV/K).o The thermopower of MgCNi 3 shows the change in slope at the "knee" at 
about 150 K. Obviously, in addition to the diffusion thermopower, there is(are) additional 
contribution(s) to the thermalpower yielding the observed temperature dependence of S. 
Such a nonlinear temperature dependence of thermopower S(T) is very similar to that of 
Y(Lu)Ni 2 B 2 C single crystals.^3 Rathnayaka et alB^ found that S — bT, representing con- 
tributions to thermopower other than the diffusion thermopower, is negative and almost 
constant between 100 and 300 K, and varies approximately as T _1 below 100 K for both 
YNi 2 B 2 C and LuNi 2 B 2 C single crystals. They suggest that the observed slope change of 
S(T) in Y(Lu)Ni 2 B 2 C single crystals could be due to the phonon-drag effect as in high-T c 
cuprate supercondcutors.El We plot (S — bT) vs T for MgCNi 3 in the lower inset of Fig. 2. 
It is found that S — bT is almost constant above 150 K, approximately -5.2 //V/K. However 
the data of S — bT can not be fitted as T~ l between 10 and 150 K. This result indicates that 
the additional contribution(s) to the thermopower in MgCNi 3 may not be attributed to 
phonon-drag as in Y(Lu)Ni 2 B 2 C single crystal^ and high-T c cuprate supercondcutors." It 
is believed that the particular thermopower behavior of high-T c cuprates and borocarbides 
relates to their layered nature.^'" MgCNi 3 is a three-dimentional, not layered compound, 
hence a different contribution to the thermopower is reasonable. 

A low temperature "knee" in S(T) would also be expected from electron-phonon interac- 
tion renormalization effects.EI Electron-phonon renormalization would lead to an enhanced 
thermopower that is given by 

S = S b [l + X(T)] (1) 

where A(T) is the electron-phonon mass enhancement parameter and Sb is the bare ther- 
mopower (without renormalization effects). In this expression certain other corrections have 
been ignored which are relatively small and can be ignored as a first approximations Equa- 
tion (1) can be rewritten as 

f = f[l + A(T)] (2) 

where A(T), the electron-phonon mass enhancement parameter, is maximum at T = 
K and becomes smaller as T is raised, becoming almost negligible near RT and higher 
temperature in comparison with 1. A plot of S/T vs T should then give a measure of A(T), 
and [S/T]t^o/[S/T]rt should approximat 1 + A(0). 

Fig. 3 shows the plot of S/T vs T from 10 K to RT for MgCNi 3 . The magnitude of S/T 
increases smoothly as temperature decreased above about 50 K, but shows a rapid increase 
at 50 K and a negative peak at 35 K. This nagative peak reflects the abnormal T-dependence 



of thermopower blow 50 K, as seen from Fig. 2. The electrical resistivity data of Fig. 1 
also shows a change of curvature in the same temperature range, and satisfies p ~ T n with 
n ~ 1.7 below 50 K. Singer et a/£3 found that NMR Knight shift 13 K saturates below about 
50 K. They suggest that an electronic crossover takes place near T* ~ 50K prior to the 
superconducting transition at T c = 7.0 K. This electronic crossover may be responsible for 
the abnormal behavior of thermopower and resistivity blow 50 K. 

Due to the presence of the negtive peak at 35 K, it is difficult to determine the ratio 
[S/T] T ^ /[S/T] RT precisely. However, to get some qualitative feeling as to the importance 
of these renormalization effects in S(T) for MgCNi 3 , the S/T values at 10 K and the peak 
(35 K) are taken to be [S/T] T ^ as an approximation, respectively. Using these values 
of [S/T]t-,o and value of [S/T]rt from Fig. 3, estimated values of A(0) are 1.4 and 1.7, 
respectively. Such a range of A(0) values of MgCNi 3 are close to that of some strong- 
coupling A-15 superconductors, e.g., Nb 3 Sn (A ~ 1.8) and Nb 3 Al (A ~ 1.5). The value 
of A(0) for Y(Lu)Ni 2 B 2 C single crystals obtained from a similar analysis of S/T dataE2l is 
unrealistically high in comparison with the values of A(0) for conventional superconductors 
including strong-coupling ones. Consequently, electron-phonon renormalization effects do 
not explain the S(T) data for Y (Lu)N 12B2C single crystals. 

He et alB has determined the electron-phonon coupling constant X p h ~ 0.77 by specific 
heat measurement for MgCNi 3 . This value of A seems much smaller than that of A(0) 
estimated from the S(T) data. Therefore there are maybe some mechanisms other than 
electron-phonon coupling to induce mass enhancement. NMR measurement sE3 reveal that 
MgCNiz has a moderate strong ferromagnetic spin fluctuation and the spin fluctuations are 
nearly a factor 3 enhanced with decreasing temperature. In the presence of spin fluctuations, 
Eq. (2) is modified to 

| = f[l + A(T) + A s/ ] (3) 

where X s f is the mass-enhancement parameter due to spin fluctuations. For our present 
study, the sum of A and A s / is expected to explain the apparently large A(0) obtained from 

the [S/T] vs T plot. 



B. Thermal Conductivity 

Fig. 4 shows the temperature dependence of the thermal conductivity k of MgCNi 3 . 
k(T) keeps nearly constant above 210 K. Below that temperature, the positive slope of k(T) 
indicates the limitation of the heat conductivity by crystal defects as in pure normal metals 
k exhibits a maximum at lower temperatures and then decreases with rising temperature. 
The magnitude of k is of the order for intermetallics, larger than that of borocarbidesE-3 and 
smaller than MgB 2 B^I^ As seen from the inset of Fig. 4, k shows a small but clear decrease 
at T c = 8 K, which agrees well with that determinded from the resistivity measurement. 

Generally, the total thermal conductivity of metals consists of an electronic contribution 
n e and a lattice contribution k\. 



K = Ke + Kt (4) 



In order to separate both contributions from the total measured effect, the Wiedemann- 
Franz lawn3 is applied, assumed to be valid, at least, in simple metals. This model relates 
the electrical resistivity p with the electronic contribution to the thermal conductivity K e , 
and K e can be expressed as 

*<r> - $ (5) 

where L$ = 2.44 x 10~ 8 WQK~ 2 is the Lorenz number. 

Using Eq. (4) and taking into account the appropriate values of the normal-state resis- 
tivity of MgCNis allows to split k into K e and Ki (dashed lines, Fig. 4). It is found that the 
electronic contribution to the total thermal conductivity is slightly larger than the lattice 
contribution in the normal state of MgCNi 3 . 

According to Matthiessen's rule both n e and K\ are limited owing to various scattering 
processes, which can be expressed in terms of a thermal resistivity W . In the case of non- 
magnetic materials, the following temperature dependence of the electronic contribution to 
the total measured quantity is assumed to be valid:Ba 

l/« e (T) = W e (T) = W efi (T) + W e , ph {T) = ^ + {3T 2 (6) 

where the subscripts (e,0) and (e,ph) refer to interactions of the conduction electrons with 
static imperfection and thermally excited phonons, respectively; a and (3 are material con- 
stants. 

Eq. (6) allows to detemine W e> o and W £)P h- The electronic thermal resistivity W e is 
shown in Fig. 5 from 10 to 50 K. The solid line is the fitting curve according to Eq. (6). and 
the dashed lines represent W e>0 and W £tP h, respectively. Thus, the deduced parameters are 
a = 51.36 mK 2 W~ 1 and /3 — 1.2 x 10~ 4 mW^ 1 K^ 1 . Obviously from Fig. 5, the scattering 
of electrons with static imperfections of the crystal becomes dominant as the temperature 
approaches T c . 

Above discussions on thermal conductivity of MgCNi 3 did not take account of the effect 
of spin fluctuations, which have been greatly enhanced with decreasing temperature. £3 In 
fact, the scattering of electrons with spin fluctuations will decrease the thermal conductivity, 
especially at low temperature. However, the exact temperature dependence of the electronic 
thermal resistivity caused by the interactions of the conduction electrons with spin fluctua- 
tions in MgCNi 3 is not clear for us so far. To clarify it, further experimental and theoretical 
works should be done. 



C. Magnetoresistance 

To get further insight into the charge transport, the magnetoresistance (MR) measure- 
ment is a useful tool since it is more sensitive to the change in the charge carrier scattering 
rate 1/r, effective mass m*, and the geometry of the Fermi surface. In conventional metals, 
the electrical conductivity can be described in terms of the Boltzmann equation.Bj In the 
presence of a magnetic field H, the change in the distribution function g(v) is described by 

9 (v) = [l + (^vxH.^.|r[-reE.vf] (7) 



The magnitude of the magnetic field contributes to Eq. (7) in a product of H and r. 
Since 1/r is generally proportional to the zero- field resistivity p , the MR Ap/p Q depends 
only on H/p . This results in a scaling law referred to as Kohler's rule which holds in many 
conventional metals£j 

^ = f(Hr) = F& (8) 

Po Po 

in the low-field limit, the MR quadratically depends on H, and is therefore scaled as 
Ap(T) = const x (H/p ) 2 . 

Fig. 6 shows the normal-state transverse (H _LJ) magnetoresistance of MgCNi 3 as a 
function of magnetic field at various temperature. The magnetoresistance is defined as 
MR = Ap/po = (p(H) — p )/po- The inset of Fig. 6 is the magnetic field dependence 
of the resistance at 2.3 K. Above H C2 (2.3K) = 12.5 T, the resistance incresases with the 
magnetic field, showing a positive magnetoresistance. The change in the resistance at 12 T 
and 15 K is about 0.9% which is comparable with normal metals.Ej A large in-plane MR 
(i/||c) (^ 7.3%) has been observed in LuNi 2 B 2 C single crystal for H = 4.5 T at 20 K, 
and a similar amount of MR for YNi 2 B 2 C single crystal.EO The value of MR for LuNi 2 B 2 C 
polycrystalline sampled is about 3.5 times higher than that of single crystal. Obviously 
the MR of MgCNi^ is much smaller than that of borocarbides. As seen in Fig. 6, the 
normal-state transverse MR of MgCNi^ is always positive and monotonically decreases 
with increasing temperature. The magnetic field dependence is essentially H 2 up to 12 T 
for all temperatures. The data in Fig. 6 are replotted as Ap/p vs (H/p) 2 , Kohler's plot, 
in Fig. 7. Above 50 K the data fall onto a single straight line, which implies that the MR 
is essentially scaled by H/p, i.e., that it follows the classical Kohler's rule. The data below 
50 K have a different slope, which means the deviation from Kohler's rule. As mentioned 
above, an electronic crossover at T* ~ 50K has been revealed by NMR measurement st3 
and affects the low temperature behavior of resistivity and thermopower. It is reasonable 
to contribute the deviation of MR from Kohler's rule blow 50 K to this electronic crossover. 



CONCLUSION 

We have investigated the thermopower and thermal conductivity of superconducting 
perovskite MgCNi 3 . Combining with the negative Hall coefficient reported previously, the 
negative thermopower definetly indicates the electron-type carrier in MgCNi 3 . The non- 
linear temperature dependence of thermopower below 150 K is explained by the electron- 
phonon interaction renormalization effects. The thermal conductivity is of the order for 
intermetallics, larger than that of borocarbides and smaller than MgB 2 . A small but clear 
decrease of thermal conductivity is observed at T c = 8 K. In the normal state, the electronic 
contribution to the total thermal conductivity is slightly larger than the lattice contribution. 
The transverse magnetoresistance of MgCNi^ is also measured. It is found that the clas- 
sical Kohler's rule is valid above 50 K. Abnormal behavior of resistivity, thermopower, and 
magnetoresistance below 50 K are observed, and may be related to an electronic crossover 
occuring at T* ~ 50K. 
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FIGURE CAPTIONS 

FIG 1: 

The temperature dependence of resistivity under zero magnetic field for MgCNi 3 sam- 
ple. Inset: the XRD pattern. 

FIG 2: 

The temperature dependence of thermopower for MgCNi 3 sample. Upper inset: the 
temperature dependence of Hall coefficient adoped from Ref. 15. Lower insert: S — bT as a 
function of temperature. 

FIG 3: 

S/T as a function of temperature for MgCNi 3 . 

FIG 4: 

The temperature dependence of the thermal conductivity of MgCNi 3 . The dash lines 
represent the electronic contribution K e and lattice contribution Ki, respectively. The inset 
shows the change of slope at T c = 8 K. 

FIG 5: 

The electronic thermal resistivity of MgCNi 3 . The solid line is the fitting curve accord- 
ing to Eq. (6). 

FIG 6: 

The normal-state transverse (if _L7) magnetoresistance of MgCNi 3 as a function of mag- 
netic field at various temperature. Inset: the magnetic field dependence of the resistance at 
2.3 K. 

FIG 7: 

Kohler's plot for MgCNi 3 at selected temperatures. Above 50 K the presence of a uni- 
versal line implies that Kohler's rule holds. 
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